−5 is set at the 90% confidence level. We also obtain the hadronic form factor ratios of D → ρe + νe at q 2 = 0 assuming the single-pole dominance parameterization: rV =
= 0.845 ± 0.056 ± 0.039. Semileptonic (SL) decays of D → ππe + ν e involving c → d transition are P -wave dominant in ππ system. It could be utilized to measure the hadronic form factor (FF) that can be compared to predictions from theoretical approaches such as lattice quantum chromodynamics (QCD) [1] and QCD sum rules [2] . These theories play a crucial role in determining the magnitude of CabibboKobayashi-Maskawa (CKM) matrix elements [3, 4] and help to rigorously test the Standard Model (SM). For D + mode, a sizable branching fraction (BF) of the π + π − S-wave process due to f 0 (500) or f 0 (980) is predicted by some theoretical models [5, 6] . The nature of these scalar mesons has been controversial for many years [7] [8] [9] . But to date, a conclusive result is not available yet. The difficulty in unraveling this mystery is due to the entanglement of different sources of nonperturbative strong interaction. The semileptonic decay of D + → π − π + e + ν e provides a unique and clean platform since the leptons and hadrons in the final state interact with each other only weakly. Exploiting the proposal from Ref. [10] , any observation of such S-wave process will help to understand the internal structure of these scalar mesons, thus improving our understanding of QCD chiral-symmetrybreaking mechanisms and quark confinement physics.
In the previous study at the CLEO-c experiment [11] , no significant indication for the S-wave was seen. [12, 13] collected with the BESIII detector in e + e − annihilation at a center-of-mass energy ( √ s) of 3.773 GeV. The BESIII detector is described in detail elsewhere [14] .
Monte Carlo (MC) simulation samples denoted as "generic MC" are described in Ref. [15] . The signal MC consists of exclusive decays ψ(3770) → DD, where the D decays to the SL signal modes, with the decay-product distribution determined by the results of our PWA, while theD decays inclusively, as in the generic MC.
For the BF measurement of SL decay, we use the double-tag technique that was first employed by the MARK-III collaboration [16] . The presence of a DD pair in an event allows a tag sample to be defined in which ā D is reconstructed in a hadronic decay mode. Then in the rest of the event that is recoiling against the tagged D meson, we require an positron and a set of hadrons as a signature of a SL decay.
A detailed description of the selection criteria for charged and neutral particle candidates is provided in Ref. [15] . The taggedD mesons are reconstructed by appropriate combinations of the charged tracks and π 0 candidates in the following hadronic final states:
for neutral tags, and
The tag samples are selected based on two variables calculated in the e + e − center-of-mass frame : ∆E ≡ ED − E beam and M BC ≡ E 2 beam − | pD| 2 , where ED and pD are the reconstructed energy and momentum of theD candidate, and E beam is the beam energy . If multiple candidates are present per taggedD mode, the one with the smallest |∆E| is chosen. The yield of each tag mode is obtained from a fit to the M BC distribution following Ref. [15] . We find (2759.6 ± 3.7)×10
3 and (1572.6 ± 1.5)×10
3 reconstructed neutral and charged tags, respectively.
After a tag is identified, we reconstruct the SL de-
+ ν e recoiling against the tag by requiring an e + candidate and a π − π 0(+) pair following Ref. [17] . The momentum reconstruction of the e + candidate is improved by recovering energy lost due to final-state radiation or bremsstrahlung in the inner detector region. If there are multiple π 0 candidates in an event, the γγ combination with its invariant mass closest to the nominal π 0 mass [18] is chosen. To suppress the background to the D + signal from the decay of [18] , which eliminates about 98.3% of such background. The reconstruction of the tag and SL decay candidates must include all charged tracks in the event and satisfy charge conservation. In addition, the maximum energy of extra photon candidates (E γ,max ), which are not used in the tag and SL decay reconstruction, is required to be less than 0.25 GeV to suppress the background events with extra π 0 .
Finally, we define the variable U miss ≡ E miss −| P miss | to identify the SL decay, which peaks at zero for the signal since the neutrino is undetected. Here E miss and P miss are the missing energy and momentum of the D meson; they are calculated in the e + e − center-of-mass frame by E miss = E beam − E ππ − E e and P miss = P SL − P ππ − P e , where E ππ and P ππ are the energy and momentum of ππ system, P SL is the momentum of SL candidate, which is estimated as
to improve the U miss resolution. HereP tag denotes the unit momentum vector of theD tag and mD is the nominalD mass [18] . The main background contributions are from DD decays, the backgrounds from other processes are negligible. For the D 0 decay, the dominant background arises from D 0 → K * (892) − e + ν e , which results in U miss distribution that is predominantly greater than zero. The backgrounds that peak in U miss mostly arise from To study the ππ system and measure the FF, we require |U miss | < 0.06 GeV to select samples for PWA; this leads to 498 ± 13 [480 ± 14] background events with a fraction of (33.28 ± 0.87)% [(23.82 ± 0.69)%] in the
+ ν e depends on five variables [19] : m, the invariant mass of the ππ system; q, the invariant mass of the e + ν e system; θ e (θ π ), the angle between the momentum of the e + (π − ) in the e + ν e (ππ) rest frame and the momentum of the e + ν e (ππ) system in the D rest frame; and χ, the angle between the normals of the decay planes defined in the D rest frame by the ππ pair and the e + ν e pair. The sign of χ should be changed when analyzing aD candidate in order to maintain CP conservation. In theory, the differential decay rate as a function of these variables is given in Ref. [20] . Neglecting the contributions from the positron mass, it depends on the hadronic FFs as defined in Ref. [21] . For the P -wave contribution, we use the Gounaris-Sakurai (GS) function [22] to describe ρ − and ρ 0 ; the ρ 0 − ω interference is taken into account by the form A1(0) , are determined from the fit to the differential decay rate. These ansätze are adequate according to the fit results shown in Fig. 2 (b, g) . The S-wave contribution, characterized by the FF F 10 , is parameterized, assuming only f 0 (500) production, as
where p ππ is the magnitude of the three-momentum of the ππ system in the D rest frame. Here the term A S (m) corresponds to the mass-dependent S-wave amplitude is modeled by the fixed resonant lineshape described in Ref. [24] ; the parameters a S and φ S are the magnitude and phase of A S (m) relative to GS ρ 0 (m). We perform the PWA using an unbinned-maximumlikelihood fit. The negative log likelihood − ln L is defined as
where ξ i denotes the five kinematic variables characterizing the i th event of N and η denotes the fit parameters; ω(ξ i , η) is the decay intensity, and B ǫ (ξ i ) is defined to be the background distribution corrected by the acceptance function ǫ(ξ i ) [25] . The background shape is parameterized using the generic MC and its fraction f b is fixed according to the result of the U miss fit. We model the background with a non-parametric function class RooNDKeysPdf [26] that uses an adaptive kernel-estimation algorithm [27] . The normalization integral in the denominator is determined using a MC technique [15] .
A simultaneous PWA fit is performed on both isospinconjugate modes. The structure of the ππ system is only the ρ − in the D 0 mode and is dominated by the ρ 0 , with a small fraction of ω, in the D + mode. In the fit, the masses and widths of ρ and ω are fixed to those reported in Ref. [18] . We also consider other possible components in the D + mode, especially a π + π − S-wave contribution from the f 0 (500). We find that the cosθ π distribution of the fit can agree with data only after considering the S-wave contribution. The statistical significance of the f 0 (500) is determined to be more than 10σ from the change of −2 ln L in the PWA fits with and without this component, taking into account the change of the number of degrees of freedom. The projections of the five kinematic variables for the data are shown in Fig. 2 . The difference of the cosθ π distribution between two modes is due to the π + π − S-wave interference contribution in D + decays. Based on this nominal solution, we obtain the fractions of the different components: f f0(500) = (25.7 ± 1.6 ± 1.1)%, f ρ 0 = (76.0 ± 1.7 ± 1.1)% and f ω = (1.28 ± 0.41 ± 0.15)%, as well as the FF ratios r V = 1.695±0.083±0.051 and r 2 = 0.845±0.056±0.039, with a correlation coefficient ρ rV ,r2 = −0.206, where the first and second uncertainties are statistical and systematic, respectively. To calculate the fractions and estimate the corresponding statistical uncertainties, we employ the same method described in Ref. [28] . As a cross check, we perform fits to the two modes separately, and the results are consistent with the simultaneous fit. 
Replacing the f 0 (500) component with a phase-space S-wave amplitude worsens the − ln L by 40.3. If the phase-space S-wave amplitude is added to the nominal solution on top of the f 0 (500) component, its statistical significance is only about 1σ, so this contribution is neglected. In addition, a possible f 0 (980) component contributing to the F 10 term is studied by adding it to the nominal solution, where f 0 (980) is parameterized by the Flatté formula with its parameters fixed to the BESII measurements [30] . The significance of this component is less than 2σ. By scanning the BF of the f 0 (980) component in the physical region, we obtain an upper limit at the 90% confidence level (CL), which is listed in Table I. To take the systematic uncertainty into account, the likelihood is convolved with a Gaussian function with a resolution equal to the systematic uncertainty.
We calculate the absolute BFs of both modes with the same method as described in Ref. [15] . For the D 0 mode, the only significant contribution observed is D 0 → ρ − e + ν e . For the D + mode, the absolute BFs of the different components are derived from B(D + → π − π + e + ν e ) × f i , where i denotes the different components of ππ system: f 0 (500), ρ 0 , and ω, and f i denotes the fraction obtained via the PWA. The BFs of π 0 → γγ and ω → π + π − [18] have been included in the calculation. All the results and comparisons with those reported by the Particle Data Group (PDG) [18] are summarized in Table I . In the measurements from PDG, ω decays to π + π − π 0 mode, and only ρ 0 is considered besides a small contribution from ω in the π + π − final state. For the BF measurements, most systematic uncertain-ties related to the tag side are canceled when the doubletag technique is employed; therefore, systematic uncertainties arise mainly from the reconstruction of the SL decay. The systematic uncertainty associated with the tag yield for the D 0 (D + ) signal is estimated to be 0.2% (0.4%) by varying the M BC fit range. The uncertainties related to the π ± tracking efficiency, π ± particle identification (PID) efficiency and π 0 reconstruction efficiency are estimated to be 0.8% (1.2%), 0.2% (0.3%) and 0.6%, respectively, by studying the doubly-tagged DD hadronic decay samples. Using a sample of radiative Bhabha events, the uncertainty of the e ± PID efficiency is estimated to be 0.5% for both modes. The uncertainty from the e ± energy recovery is estimated to be 0.4% (0.7%) by comparing to the BFs obtained without recovery. The uncertainty from the K 0 S veto is estimated to be 1.8% by varying the size of the veto window. The fully reconstructed DD hadronic decays are used to show that the uncertainty due to the E γ,max requirement is negligible. We estimate the uncertainty in the signal yield of the U miss fit to be 1.5% (0.5%) by varying the fitting range. The uncertainty related to the modeling of the background shape is estimated to be 1.5% (1.4%) by changing the BFs of the dominant background channels by ±1σ, and σ is the uncertainty reported in Ref. [18] . We estimate the uncertainty due to the PWA model of the signal to be 0.3% (0.9%) by varying the parameters of the nominal solution by their statistical uncertainty. These estimates are added in quadrature to obtain the total systematic uncertainty of 2.5% (3.0%) for
The following sources of systematic uncertainties, as summarized in Table II , have been considered in the PWA procedure. The uncertainty related to variations to the fit are estimated by taking the difference between the alternative fit and the nominal fit. The uncertainty from the modeling of the background shape is assigned as for the BF measurement. The uncertainty due to the fixed background fraction f b is estimated by changing by ±1σ of its statistical error. The parameter of r BW is set to 3.0 GeV −1 in the nominal fit, the uncertainty related to this imperfect knowledge is estimated by varying the value within 2.0 ∼ 4.0 GeV −1 . We vary m V and m A by ±100 MeV/c 2 to estimate the uncertainties associated with the pole mass assumption. The uncertainty from the ρ or ω line shape is estimated by varying the mass and width of ρ or ω by ±1σ error [18] . The systematic uncertainty of the f 0 (500) modeling is considered by replacing with a conventional RBW function with the mass and width fixed to the BESII measurements [29] . The possible bias due to the fit procedure is studied with same method described in Ref. [28] . The mean bias is taken as a corresponding systematic uncertainty.
In summary, the SL decays D 0 → π − π 0 e + ν e and D + → π − π + e + ν e are studied using a data sample corresponding to an integrated luminosity of 2.93 fb −1 col- + ν e via a simultaneous PWA fit to both decay channels, and improve the absolute BFs for these decays. The FF measurements are consistent with the only measurement [11] but with improved precision. These measurements are compatible with the theoretical calculations [1, 2] that have much larger uncertainty than experimental results. They also can aid the determination of V ub via a double-ratio technique [31] . The BFs results are consistent with isospin invariance:
2Γ(D + →ρ 0 e + νe) = 0.985±0.054±0.043. The BFs of different components contributing to the D + → π − π + e + ν e decay are also obtained. The hadronic system in this decay is dominated by the P -wave, which is mostly a ρ 0 contribution along with a much smaller one from the ω. Additionally, the S-wave process D + → f 0 (500)e + ν e is observed for the first time with a relative contribution of (25.7 ± 1.6 ± 1.1)%. This is compatible with the theoretical predictions reported in Refs. [5, 6] . The process D + → f 0 (980)e + ν e is not significant and an upper limit on its BF is set at the 90% CL.
Ref. [10] proposed a model-independent way to distinguish the two different descriptions of the scalar mesons using the ratio R = , which is predicted to be 1.0 ± 0.3 for the two-quark description and 3.0 ± 0.9 for the tetraquark description. We obtain R > 2.7 at the 90% CL by using B(f 0 (500) → π + π − ) = 67%, B(a 0 (980) 0 → π 0 η) = 85% [18] and the BESIII measurement [32] for D + → a 0 (980) 0 e + ν e . Here, we neglect the f 0 (980) component and assume that the dominant decays are ππ for f 0 (500), and πη and KK for a 0 (980) 0 . Our result favors a tetraquark description of the f 0 (500) and f 0 (980).
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